Abstract A new rapid method for the determination of actinides in seawater samples has been developed at the Savannah River National Laboratory. The actinides can be measured by alpha spectrometry or inductively-coupled plasma mass spectrometry. The new method employs novel pre-concentration steps to collect the actinide isotopes quickly from 80 L or more of seawater. Actinides are coprecipitated using an iron hydroxide co-precipitation step enhanced with Ti ?3 reductant, followed by lanthanum fluoride co-precipitation. Stacked TEVA Resin and TRU Resin cartridges are used to rapidly separate Pu, U, and Np isotopes from seawater samples. TEVA Resin and DGA Resin were used to separate and measure Pu, Am and Cm isotopes in seawater volumes up to 80 L. This robust method is ideal for emergency seawater samples following a radiological incident. It can also be used, however, for the routine analysis of seawater samples for oceanographic studies to enhance efficiency and productivity. In contrast, many current methods to determine actinides in seawater can take 1-2 weeks and provide chemical yields of *30-60 %. This new sample preparation method can be performed in 4-8 h with tracer yields of *85-95 %. By employing a rapid, robust sample preparation method with high chemical yields, less seawater is needed to achieve lower or comparable detection limits for actinide isotopes with less time and effort.
Introduction
In light of the nuclear accident at Fukushima Nuclear Power Plant in March, 2011, there is a need for a rapid method to determine actinide levels in seawater samples that can be applied quickly with high chemical yields and effective removal of interferences. Laboratory methods that take 1-2 weeks to determine actinide levels in seawater are simply not rapid enough to determine actinides following a radiological release. Radiological information is needed immediately to allow adequate protection of the public and assess environmental contamination and damage to ecosystems. The recent theft of nuclear material in Mexico highlights the need for nuclear safeguards and raises concerns about a radiological dispersive device (RDD) or ''dirty bomb'', again illustrating the need for rapid environmental methods [1] .
News reports suggest that large amounts of radioactive water have leaked from the Fukushima Daiichi Nuclear Power Plant. The Japanese government has announced plans for an ''underground ice wall'' to prevent contaminated water from flowing out to sea. Concerns have been expressed about the potential presence of ''nastier and heavier elements like uranium and plutonium'' moving toward the sea [2] . Actinides are chemically and radiologically toxic. The reports that radioactive water may be leaking into the sea near Fukushima Daiichi illustrates the need for rapid methods to determine actinides in seawater to support dose mitigation and to quickly assess the impact on marine ecosystems [3, 4] .
Marine environments have been extensively contaminated by transuranics as a result of global fallout due to atmospheric nuclear-weapons testing. Knowledge of the levels and behavior of actinides in these environments is important to assess the radiological and ecological effects. In addition to radiological risk assessment and monitoring, the determination of actinide isotopes is seawater is important for radioecology and tracer studies, as they are important tools for better understanding oceanographic processes [5] .
The measurement of actinide levels in seawater can be quite challenging, due to the difficulty of the seawater matrix and low detection limits required. Surface concentrations of plutonium in seawater, for example, are usually very low (\5 lBq L -1 ), except for contaminated areas such as in the Irish Sea [6] . While fresh water sample aliquots taken for analysis are often 1 L or less, seawater aliquots up to 200 L or more have been analyzed to lower detection limits as much as possible. Unfortunately, many of the methods used provide chemical yields of only 30-60 %, and that is possibly one reason why such large seawater aliquots are used. If we can improve chemical yields, less seawater may be needed for easier handling and more rapid processing of aliquots. For example, a 40 % chemical yield with a 150 L seawater aliquot results in a higher detection limit than an 80 L sample aliquot with an 85 % chemical yield, under the same measurement conditions.
Actinide isotopes are often determined by alpha spectrometry and inductively coupled plasma mass spectrometry (ICP-MS). Inductively-coupled plasma mass spectrometry is an attractive tool for the measurement of actinide isotopes in seawater samples for several reasons. The measurement time for sequential assay by ICP-MS is typically shorter than alpha spectrometry, although alpha spectrometry measurements may be performed simultaneously with large numbers of detectors. ICP-MS is very effective for longer-lived actinide isotopes, where alpha spectrometry works very well for short-lived or long-lived actinide isotopes. ICP-MS, however, can be hampered by isobaric, polyatomic interferences and signal suppression. Accelerator mass spectrometry (AMS) is also an option to achieve very low detection limits for actinide isotopes [7] .
Alpha spectrometry cannot differentiate well between alpha isotopes with overlapping alpha energies. U has been observed to be a valuable tool to identify an anthropogenic origin of radionuclide contamination [10] . 236 U can be separated and determined using ICP-MS or AMS.
There are a number of analytical methods reported that use ion exchange/extraction chromatography to determine the actinide content in seawater that seem to use older, more tedious sample preparation steps or need significant improvements in chemical yield [11, 12] . La Rosa et al. [13] reported a new method for 237 Np in seawater using multiple MnO 2 precipitations, multiple anion exchange separations and extraction chromatography. While the overall results versus reference values were good, the chemical yields varied greatly and were at times as low as *20 %.
Tracer equilibration of actinide isotopes with multiple valence states is important to ensure accurate assay of the actinide content. In addition, uranium precipitation using iron hydroxide co-precipitation is enhanced by reduction of uranium to U ?4 . Some laboratory methods use potassium metasulfite [K 2 S 2 O 5 ] to reduce Pu and U, while other methods do not use any reductant at all. Increasing the iron added to co-precipitate actinides may improve chemical yields, however, this can result in very large amounts of precipitate to redissolve, large column load solutions, large ion exchange columns and long separation times. Some also employ older solvent extraction methods, which often have solvent waste disposal issues. These older approaches have typically resulted in 1-2 week processing times, unacceptable during an emergency and inefficient for routine analytical processing of seawater samples.
Some newer methods with smaller sample aliquots have been reported. Kim and Kim [14] reported a Pu isotope method for high resolution ICP-MS, however, the method was applied to only 5 L of spiked seawater. Typically, a larger seawater aliquot is needed to achieve lower detection limits and more reliable measurement of 239 Pu/ 240 Pu ratios. The chemical recoveries were *60-70 %, with very good assay of Pu isotopic ratios on standards tested. Zheng and Masada reported a method for Pu isotopes in seawater reference materials IAEA-443 and IAEA-381, using a highly sensitive isotope dilution sector field inductively coupled plasma mass spectrometry method. The method provided chemical yields of *65 % using 242 Pu as a tracer [15] . Qiao et al. [16] reported a new rapid sequential injection method for Pu, Np and U isotopes in 10 L seawater aliquots, with Pu yields of *67-78 %, using multiple iron hydroxide preconcentration steps and TEVA Resin plus UTEVA Resin. The need to process much larger aliquots to meet detection limits was discussed.
The time frame needed to determine actinide levels in environmental samples, including seawater samples, after an accident such as the one at the Fukushima Daiichi Power Plant in 2011, is in hours, not weeks, to allow appropriate assessment of environmental contamination as well as protection of the public and marine ecosystems.
Savannah River National Laboratory (SRNL) recently published a paper on the rapid determination of 89 Sr and 90 Sr in seawater. This new method achieves a 1 mBq L -1 detection limit with smaller seawater aliquots and longer gas flow proportional count times [17] . While there has been progress in the analysis strategies for seawater, a simple, rapid method for actinide isotopes in seawater still seems to be needed that can be applied to larger aliquots, not only for emergency response, but for more efficient processing and throughput for routine analyses.
A new method has been developed by SRNL that can be used aliquots up to 80 L of seawater, with sample preparation in 4-8 h and high chemical yields (*85-95 %).
While the method was not tested with volumes [80 L, it can likely be applied to aliquots over 100 L. Using the new SRNL method, actinide isotopes can be determined quickly in large seawater aliquots by alpha spectrometry or ICP-MS, with very low detection limits. AMS techniques could also be applied, after appropriate preparation steps.
Actinides are preconcentrated from seawater samples using an iron hydroxide co-precipitation, enhanced with Ti ?3 reductant. This step is followed by lanthanum fluoride co-precipitation to remove the iron, titanium and seawater matrix interferences. This approach allows the use of relatively large amounts of iron and Ti ?3 to enhance chemical yields, since the iron and titanium are removed in the subsequent LaF 3 removal step.
While alpha spectrometry was used to demonstrate the new SRNL method, the method can be used easily with ICP-MS assay, particularly if an enhanced removal step for 238 U is employed to ensure reliable measurement of 239 Pu [18] . The high chemical yields allow smaller seawater aliquots ((200 L) to be used for easier handling and processing, while still a meeting detection limit of *1 lBq L -1 or lower using alpha spectrometry, depending on the count time. When a highly sensitive APEX SF (Sector Field)-ICP-MS analytical system used by researchers such as Zheng and Yamada [19] , Epov et al. [20] and Kim and Vajda [21] 236 Pu was obtained from the National Physical Laboratory (Teddington, UK).
Procedures
Column preparation TEVA Resin, TRU Resin and DGA Resin were obtained as cartridges containing 2 mL of each resin from Eichrom Technologies, Inc. In addition, 1 mL cartridges of TEVA Resin and DGA Resin were also used when a total of 3 ml of resin was required. For larger seawater aliquots where larger amounts of La were used, DGA Resin cartridges were stacked to achieve a larger resin volume (3 mL DGA Resin or 4 mL DGA Resin). Small particle size (50-100 micron) resin was employed, along with a vacuum extraction system (Eichrom Technologies).
Apparatus
Polycarbonate vacuum boxes with 24 positions and a rack to hold 50 mL plastic tubes were used. Two boxes were connected to a single vacuum source by using a T-connector and individual valves on the tubing to each box. A large volume vacuum box liner was used to collect rinses to eliminate having to change out 50 mL tubes during the load and rinse steps.
Sample preparation
Seawater samples were obtained from Isle of Palms, South Carolina, USA. The seawater was rapidly filtered to remove sediments using Whatman 41 filter paper (20 lm pore size). Small volumes of MAPEP 23 and MAPEP 24 (Mixed Analyte Performance Evaluation Program) water standards were added to the seawater samples to test for measurement reliability. The MAPEP samples were provided by Department of Energy (DOE) Radiological and Environmental Sciences Laboratory (RESL), Idaho, USA. Figure 1 provides a flow chart of the initial sample preparation method for Pu, Np and U isotopes in seawater for sample volumes of 2-8 L. If 237 Np assay was determined, 236 Pu was used instead of 242 Pu tracer.
239
Np would, of course, also be a yield measurement option for 237 Np.
232 U was added as a yield monitor for the measurement of uranium isotopes by alpha spectrometry. Figure 2 show the sample preparation for Pu, Am and Cm isotopes for larger sample aliquots. Up to 40 L sample aliquots were processed. To obtain a larger 80 L aliquot, two 40 L samples were each processed with an iron/titanium hydroxide step, a LaF 3 co-precipitation step and then combined together in one final LaF 3 matrix removal step. The Pu, Am and Cm isotopes were preconcentrated from 80 L of seawater into a single column load solution for separation using stacked TEVA Resin ? DGA Resin cartridges. As larger and larger seawater aliquots were analyzed, increasing amounts of CaF 2 (presumably) were observed at the LaF 3 matrix removal step and the initial supernatant pH was lowered to be closer to pH 8.8-9.0. Too much residual Ca from the larger seawater aliquots can cause redissolution problems with the final LaF 3 precipitate. In addition, it was found that a water rinse (pH 8.8-8.9) of the Fe/Ti solids was very effective in removing residual Ca for the larger seawater aliquots.
Column separation for Pu, Np and U Figure 3 provides a flow chart of the rapid column separation method using TEVA Resin plus TRU Resin cartridges for the 2-8 L sample aliquots. After valence adjustment of the column load solution, the sample was loaded to stacked TEVA Resin ? TRU Resin cartridges at *1 drop/sec. It should be noted that the decontamination of uranium from Th is very good ()1,000), as Th is removed on TEVA Resin and even further with the 4 M HCl-0.2 M HF rinse on TRU Resin. Po ?4 is removed from U on TEVA Resin in 3 M HNO 3 , and also with the 10 M HNO 3 rinse on TRU Resin [22] .
A more dilute ammonium bioxalate (0.01 M) can be used if ICP-MS assay is needed instead of alpha spectrometry. It is also possible to prepare samples for AMS measurement of 236 U in a manner similar to the method described by Qiao following the uranium purification on TRU Resin [17] .
Cerium fluoride microprecipitation was used to prepare the purified samples for alpha spectrometry Add 1 mg La, 25 mg Ca, 5 mL 10% TiCl3 25 ml 28M HF, mix, and allow to sit for 5-10 min.
Centrifuge and discard superntant Fig. 1 Rapid sample preparation method for Pu, Np and U isotopes in seawater (8 L) counting. After adding 50 lg Ce, 0.5 mL 30 wt% H 2 O 2 and 1 mL 28 M HF to the Pu eluent solution and waiting 15 min, the solution was filtered using a 25 mm polypropylene filter (0.1 lm pore size disposable Resolve TM filter funnel). Each tube was rinsed with *5 mL deionized water, followed by ethanol to facilitate drying. The filters were heated briefly under a heat lamp to ensure dryness. A similar approach was used for the Am/Cm and U eluents. For Am/Cm, 50 lg Ce, 0.2 mL 30 wt% H 2 O 2 and 1 mL 28 M HF were added. To prepare the U eluents, 100 lg Ce, 0.5 mL 10 % TiCl 3 and 1 mL 28 M HF were added. The filtering protocol as described above was followed after a 15 min wait time.
Adding hydrogen peroxide to the Pu and Am/Cm precipitation steps provides additional decontamination from uranium by ensuring the U is U ?6 , which does not carry on the CeF 3 precipitate. TiCl 3 is added during the uranium microprecipitation steps to reduce U ?6 to U ?4 , which will carry with the CeF 3 .
If electrodeposition is desired, sodium formaldehyde sulfoxylate or ammonium iodide reductant in the HCl-HF Pu eluent solution can be used instead of titanium. In an emergency, the CeF 3 approach provides much more rapid results, with good peak resolution.
Transfer to four 500 mL centrifuge tubes Centrifuge 10 minutes, discard supernatant. Rinse each ppt. with 100 ml water (pH 8. small amount of organics on TEVA Resin, increased vacuum was needed as the loading process proceeded to maintain a column flow of *1 drop/sec. As an option, the entire LaF 3 /CaF 2 precipitate can be transferred and wetashed in a Teflon beaker to destroy the organics more completely first. This can be done prior to dissolving the precipitate into the column load solution, instead of redissolving and centrifuging the solution first. The amount of DGA Resin used depends on the amount of La needed to effectively precipitate the Pu, Am and Cm isotopes. When only Pu isotopes are determined using TEVA Resin, the amount of La is not a concern, since La has no retention on TEVA Resin. For 8 mg of less La, a single 2 mL DGA Resin cartridge was used. For 12 mg La, used with some of the larger aliquots, 3 mL DGA resin (2 ? 1 mL cartridges) was employed. When 40 L aliquots were combined to make a total of 80 L, a total of 20 mg La (10 mg La from each aliquot) was used and therefore 4 mL DGA Resin was used to ensure good recovery of Am/Cm.
For the determination of Pu/Np on TEVA Resin, the amount of La added is not a problem, since La is not retained on TEVA Resin. This was tested for aliquots up to 20 L. In this case, 20 mg La was added, enhanced with 75-100 mg Ca at the final LaF 3 co-precipitation step. The TEVA Resin separation method used was as described earlier, with 236 Pu used as a yield monitor for 237 Np as well. U measured values indicate this rapid approach can effectively collect and purify uranium for measurement. This purification technique could easily be adapted to allow measurement by ICP-MS or AMS for the determination of uranium isotopics in seawater.
Results and discussion
Large seawater aliquots were tested for Pu, Am and Cm isotopes. The first 80 L seawater aliquot shown in Table 4 was processed with 15 mg La (7.5 mg/40 L) and no additional Ca added with a chemical yield of 80 %. The second 80 L Though it was not tested partly due to container limitations, combining two 50 L aliquots at the final LaF 3 step to analyze 100 L would seem very feasible. The amounts of Fe and Ti added can be scaled up accordingly, as they will removed during the LaF 3 step. As long as the water rinse is used to remove residual Ca, the analysis of larger aliquots still results in a very small LaF 3 /CaF 2 precipitate that can be dissolved in a *40 mL column load solution. The key step is adding enough Ca along with the LaF 3 to ensure effective precipitation since the La is reduced in each 50 L aliquot, since it will be combined later.
For Pu processing only, the La does not have to be limited as with the Am/Cm separation on DGA Resin. For example, 20 mg La and 50 mg Ca could be used in each 50 L aliquot and recombined in a final HCL/HF step representing 100 L of seawater with no adverse impact on Pu retention on TEVA Resin. Being able to remove the large amounts of Fe and the Ti used to effectively control valence is a huge advantage is processing large seawater aliquots. By ensuring the initial pH is *8.8-8.9 during the hydroxide precipitation, the amount of residual Ca can be minimized. Though not tested in this work, it is likely that an equivalent amount of fluoride added as sodium fluoride instead of hydrofluoric acid could be used for laboratories with restrictions on the use of hydrofluoric acid. Table 5 shows the measured values for the determination of 241 Am in a set of eight seawater samples using the TEVA ? DGA Resin method for rapid assay of Pu, Am and Cm isotopes. The seawater aliquot volumes vary between 16 and 80 L, spiked with MAPEP 23 or MAPEP 27 standards, using this rapid method and alpha spectrometry. The average 243 Am tracer yield was 94.0 ± 3.4 % (1 SD) and the 241 Am results were corrected for 243 Am tracer yield. The average bias for the eight 241 Am measurements was -6.0 %, with 1 SD of ± 2.0 %. The uncertainties for the individual 243 Am results were typically ±9-10 % (1 SD), with a 16 h count time. The 243 Am tracer recoveries and very good results for 241 Am versus known values indicate the rapid method was very effective, despite a wide range of seawater aliquots.
The amount of La was varied. For the 16L and 25L aliquots, 3 mL DGA Resin (2 ? 1 mL cartridges) was employed with 12 mg La added, without a water rinse of the Fe/Ti solids. For the 40 and 80 L aliquots, a total of 20 mg La was added and 4 mL DGA Resin (2 ? 2 mL cartridges) were employed. As noted above, the 80 L aliquots represent two 40 L seawater aliquots that were combined in a final LaF 3 step. It should be noted that the chemical yield in the final 80 L aliquot was increased from 89 to 97 % by adding additional La (10 mg La/40 L aliquot instead of 7.5 mg La) and also adding Ca (50 mg/ 40 L aliquot instead of no Ca) to enhance the LaF 3 precipitation. 244 Cm can be determined effectively using 243 Am tracer. Figure 6 shows the results of an elution study using gamma spectrometry to look at the impact of La on 241 Am using the TEVA ? DGA method, starting with a spiked column load solution. 241 Am was counted on a Packard Cobra II Auto-Gamma System. Am-241 samples (1-4 mL) in 12 9 75 mm polypropylene tubes were counted for 20 min or until a 1 SD counting error was achieved for the 50-100 keV energy window. The simulated column load solution contained 10 mg La and the separation was performed using 2 mL TEVA Resin ? 3 mL DGA Resin. The results indicate 99 % of the 241 Am activity was found in the final eluent solution. A similar elution study, however, using only 2 mL DGA Resin showed 94 % of the 241 Am recovered in the final eluent fraction, indicating a slight adverse impact from adding 10 mg La. Another elution study was performed with 15 mg La and 50 mg Ca in the column load solution using 2 mL TEVA Resin ? 4 mL DGA Resin, with rinse and eluent volumes increased proportionally for DGA Resin. The final eluent fraction again contained 99 % of the 241 Am activity, indicating the effect of La under these conditions is insignificant. It may have been possible to achieve high yields for Am and Cm using only 3 mL DGA Resin when 20 mg La was added, but a conservative approach was taken. When 12 mg La was added, only 3 mL DGA Resin was used, but when 20 mg La was added with the larger seawater aliquots, 4 mL DGA Resin was used to ensure good chemical yields. Tables 7 and 8 Pu tracer can be used as a yield monitor for 237 Np using this method. For the Pu/Np work, similar conditions were used as was employed in the Pu, Am and Cm method. The amount of La used was 20 mg and a water rinse of the Fe/Ti hydroxide precipitate was performed to remove residual Ca. During the final LaF 3 precipitation step, 75-100 mg Ca was added to enhance Pu and Np recoveries. The separation was performed using TEVA Resin.
For the 20 L aliquots, 3 mL TEVA Resin (2 ? 1 mL cartridges) was used to ensure good Np recoveries, with rinses and elution volumes scaled up accordingly. It might be possible to use a single 2 mL TEVA Resin cartridge for Levy et al. [24] discuss strategies for seawater sampling and note that significant progress has been made regarding the assay of Pu isotopes with ICP-MS using only 20 L of seawater. A discussion of the MnO 2 plus iron hydroxide sample preparation steps in combination with anion exchange separation schemes employed at the IAEA Marine Environmental Laboratory in Monaco is presented, as well as approaches used in other laboratories. In an emergency, 20 L seawater aliquots may be adequate, however, more rapid sample preparation methods are needed.
The rapid collection and purification of Pu isotopes and 237 Np, which takes only a few hours using this new SRNL method, can be adapted to ICP-MS assay for emergency analysis and routine oceanographic studies. This new rapid method can also be applied to 40-80 L aliquots to achieve additional method sensitivity for Pu isotopes, which may be needed for 240 Pu. As noted earlier, additional 238 U removal can be performed after 238 Pu assay by alpha spectrometry using CeF 3 , followed by a second TEVA Resin separation to prepare for ICP-MS or with a direct transfer of Pu isotopes from TEVA Resin to coupled DGA Resin, eluted as Pu ?3 . Both methods result in rapid decontamination factors of 1 9 10 6 to 1 9 10 7 for 238 U and provide flexibility to the laboratory for rapid assay by ICP-MS.
The minimum detectable activity (MDA) for an actinide isotope using this method with alpha spectrometry was calculated according to equations prescribed by Currie [25] :
where B total background counts, = BKG (rate) 9 sample count time; CT sample count time (min); R chemical recovery; V sample aliquot (g); EFF detector efficiency; 0.060 conversion from dpm to mBq. In low-level counting, where a zero background count is quite common, the constant 3 is used to prevent an excessively high false positive rate. Figure 7 shows MDA plotted versus sample aliquot size for a 16 h count time using *25 % efficiency alpha detectors and 90 % chemical yield, with an assumption of 1 background count per 16 h. An MDA of *13 lBq L -1 can be achieved for 40 L sample with a 16 h count. During an emergency, the sample aliquot and count times can be adjusted depending on the radiological concern limit for the particular actinide isotope. Figure 8 shows MDA plotted versus sample aliquot size for a 7 day count time using *25 % efficiency alpha detectors and 90 % chemical yield, with an assumption of 1 background count per 48 h. An MDA of *1 lBq L -1 or less can be achieved for 80 L sample with a 7 day count. The MDA for the results can be adjusted as needed, by changing the sample aliquot volume and count time. Longer count times can be used for routine samples processing if desired. Selecting low background counters can be very important to facilitate achieving the lowest possible MDA.
This approach also provides a rapid sample preparation pathway for collecting 90 Y from large seawater aliquots for the determination of 90 Sr in seawater that is rapid and much easier than using calcium phosphate precipitation. An iron hydroxide/lanthanum fluoride approach to preconcentrate 90 Y (without titanium reductant) using only a single 2 mL DGA Resin cartridge seems feasible for aliquots up to 40 L. This has been tested successfully for 90 Sr ( 90 Y) in 10 L to 30 L aliquots of seawater in this laboratory and future work will focus on the analysis of aliquots of 40 L. The behavior of 90 Y on DGA Resin is very similar to Am and Cm so application to 40 L aliquots (or larger) would seem to have a good chance for success. A verification that the sample test source displays a 90 Y decay profile (indicating no significant 91 Y present) may be required. A La removal step in combination with rinses reported previously on DGA will be investigated.
The rapid preconcentration approach for actinides in seawater described above is enhanced with stacked cartridge separations using vacuum box technology. The vacuum box approach is simultaneous instead of sequential and a large number of samples can be prepared at the same time, especially if handling facilities (space, centrifuges, etc.) for the initial preconcentration steps are available. It can process seawater samples very quickly in an emergency, and improve efficiencies for routine oceanographic studies. As an alternative, it can be adapted for use with automated sequential systems used in some laboratories.
Conclusions
A new method to determine actinide isotopes in seawater samples has been developed that allows the rapid separation of Pu, U, Np, Am and Cm isotopes in seawater samples up to 80 L with effective removal of interferences. The sample method can be performed in \8 h with high chemical yields. This method can be used for emergency seawater analyses following a radiological event or to improve sample throughput and reduce costs associated with routine analyses for oceanographic studies. The method can be used with alpha spectrometry, adapted to ICP-MS techniques, using high uranium decontamination techniques or adapted for use with AMS.
